Introduction
Tay-Sachs disease (TSD) (MIM# 272800) is the second most common lipid storage disorder among the majority of lysosomal storage disorders (LSDs) studied in India [1] . It is an autosomal recessive neurodegenerative disorder caused due to β-hexosaminidase-A (Hex-A) deficiency owing to a mutation in the HEXA gene (MIM* 606869). The gene encodes α-subunit of β-hexosaminidase-A, a lysosomal enzyme composed of α-and β-polypeptides [2] . The resulting phenotype of TSD can be variable with an acute infantile form of early onset leading to rapid neuroregression and early death to a progressive later onset form compatible with a longer survival. Clinical features include the presence of neuroregression, generalized hypotonia, exaggerated startle response, and a cherry-red spot on the fundus. Affected patients have a deficient enzyme activity of β-hexosaminidase-A (Hex-A) in leukocytes/plasma or fibroblasts [3] . The human HEXA gene is located on chromosomes 15q23-q24 encompassing 14 exons. As per HGMD (human gene mutation database), nearly 134 mutations have been reported so far in the gene to cause TSD (http://www.hgmd.cf.ac.uk/).
Majority of these mutations were private mutations present in a single or few families. Only few mutations have been commonly reported for TSD in particular ethnic communities or geographically isolated populations. In Ashkenazi Jews, one of the three common mutations i.e. c.1277_1278insTATC, c.1421+1GNC and c.805GNA (p.G269S) has been reported in 94-98% affected patients [4, 5] . The c.1277_1278insTATC and the c.805GNA (p.G269S) mutations are also commonly found in nonAshkenazi Jewish populations, along with the intron 9 splice site mutation (c.1073+1GNA), 7.6 kb French Canadian deletion [6] , and c.571-1GNT in Japanese patients [2] . About 35% non-Jewish individuals also carry one of the two pseudo-deficiency alleles: c.739CNT (p.R247W) and c.745CNT (p.R249W), which are associated with no clinical phenotypes [7] . Although the mutation spectrum for Tay-Sachs disease in India has been partly addressed [1, 8] , our research continues to understand the molecular pathology of the disease. The present study was planned to identify additional novel and/or known mutations that will provide an insight into the molecular mechanism of the HEXA gene in Indian subjects.
Material and methods

Subject and sample collection
Nine families were included in the study. The Institutional ethics committee approved the study. For blood collection, clinical details were filled up in the case record forms after an informed written consent was obtained from the guardian of the study subjects. The clinical inclusion criteria were the presence of seizures, cherry red spots, neuroregression, exaggerated startle, and hypotonia followed by the confirmation of enzyme deficiency of Hex-A and mutation identification. Though neuroimaging criteria were not strictly followed up, it mainly included the presence of gray matter disease as shown by hypointensities in T2W images of the brain MRI.
Enzyme assay
Six milliliter peripheral blood was collected in an EDTA vacutainer from all the patients for leukocyte enzyme assay and DNA extraction. The enzyme activity was determined by the fluorimetric method using a specific synthetic substrate. The total-Hex activity was measured from the hydrolysis of the synthetic substrate 4-methylumbelliferyl-N-acetyl-β-D-glucosamine (MUG) that releases fluorescent 4-methylumbelliferone when acted upon by β-hexosaminidase. Hexosaminidase B (Hex-B) was determined as the activity left over after incubating the sample for 3 h at 50°C. This procedure led to the loss of heat-labile Hex-A but not Hex-B or intermediate isoenzyme. Thus Hex-A activity was obtained after subtracting Hex-B activity from the total-Hex activity. Hex-A was also assayed with a more specific sulfated substrate 4-methylumbelliferyl-N-acetyl-β-Dglucosamine-6-sulfate (MUGS) [9] . Hex-A activity (obtained from MUGS lysis) was expressed as the percentage of total-Hex activity (obtained from MUG lysis).
Molecular analysis of HEXA gene by sequencing
Genomic DNA was extracted by the standard salting out method [10] . The exonic and intronic flanking sequences of the HEXA gene were PCR amplified in 14 fragments using the primer pairs as described earlier [11] . Amplification included 5-min denaturation at 94°C followed by 30 cycles each consisting of 1 min denaturation at 94°C for 45 s of annealing at temperature ranging from 60 to 65°C, depending on the characteristic of each exon (melting temperature), and 45 sec extension at 72°C. Final extension was carried out at 72°C for 10 min. The negative control contained all the above ingredients except DNA. PCR products were electrophoresed on 2% agarose along with the appropriate negative controls and 100 base-pair DNA ladder. Products that passed this quality check were purified by treatment with Exo-SAP-IT™ (USB Corporation, OH, USA) or Column purification and then sequenced using BigDye Terminator v3.1. Capillary electrophoresis was performed on an automated sequencer ABI-3130 (Applied Biosystems, CA, USA) and nucleotide numbers are derived from HEXA cDNA sequences (RefSeq NM_000520.4). Putative mutations were confirmed in two separate PCR products from the patient's DNA. Heterozygosity for these mutations was confirmed in parents. The mutations identified were then looked up in public databases such as The Human Gene Mutation Database (http://www.hgmd.cf.ac.uk), SNP database (http://www. ncbi.nlm.nih.gov/SNP/index.html) and McGill University database (http://www.hexdb.mcgill.ca). Novel variants were further confirmed as pathogenic by studying 50 control individuals with normal leukocyte enzyme results.
In silico analysis
Prediction of functional effects of non-synonymous single nucleotide substitutions (nsSNPs) was done using software SIFT (Sorting Intolerant From Tolerant) (available at http://sift.jcvi.org/), Polyphen2 (Polymorphism Phenotyping v2) (available at http://genetics.bwh.harvard.edu/ pph2/) and MutationT@ster (available at http://www.mutationtaster. org/) [12] [13] [14] . HumVar-trained prediction model of Polyphen2 was used to distinguish mutations with drastic effects from all the remaining human variations, including many mildly deleterious alleles. Evolutionary conservation of the amino acid residues of Hex A was analyzed using ClustalW program available online at (http://www.uniprot.org/help/ sequence-alignments).
Structural studies
Structural study of two missense mutant alleles was carried out by UCSF Chimera software using the crystallographic structure of Hex-A (PDB ID: 2GJX) as the template. The Root Mean Square Deviation (RMSD) of the mutant structures with respect to the wild-type structure was calculated. RMSD values of more than 0.15 were considered as significant structural perturbations that could have functional implications for the protein [15] .
Results
Consanguinity was present in 4/9 (44.4%) patients. The mean age at presentation was 12.3 months (±5.3). All the cases were classified as infantile as they had a history of neuroregression since infancy. All the cases were presented with seizures, neuroregression, cherry red spot on fundus, exaggerated startle, hypotonia, and brisk deep tendon reflexes. However, none of the cases had hepato-splenomegaly. The CT/MRI brain was available in 4/9 cases and showed characteristic findings of decrease in thalami and decreased attenuation of basal ganglia isodense with white matter, and few cases had dysmyelination.
We confirmed 7/9 cases with TSD [deficient activity of β-hexosaminidase-A (Hex-A) in leucocytes], with carrier detection (% Hex-A) in 2 parents where proband was not alive but was earlier diagnosed as a TSD by enzyme study (Table 1 ). Molecular analysis was carried out in all the 9 affected families with TSD followed by bidirectional sequencing for common mutation screening. Exon sequencing analysis revealed 11 mutations in 9 patients, 4 of which were novel including compound heterozygous missense mutations c.524ANC (p.D175A) and c.805GNC (p.G269R) in exons 5 and 7 respectively, one small 1 bp deletion c.426delT (p.F142LfsX57) in exon 4 and one patient was a compound heterozygote for novel splice site mutation c.459+4ANC and known missense mutation c.532CNT (p.R178C). In addition, previously known missense mutations c.964GNT (p.D322Y) in exon 9, two nonsense mutations c.709CNT (p.Q237X) and c.1528CNT (p.R510X) in exons 7 and 14 respectively and one insertion mutation c.1277_1278insTATC (p.Y427IfsX5) were detected. One patient was found to be heterozygous for c.1385ANT (p.E462V) with unknown second allele and another patient with splice site homozygous mutation c.459+5GNA in intron 4 as shown in Table 1 and Fig. 1 . The novel mutations were not found in 100 control individuals from the same ethnic background.
The SIFT index, Polyphen2 scores and MutationT@ster scores for the non-synonymous single nucleotide substitutions are presented in Table 2 . The predictions of the SIFT, Polyphen2 and MutationT@ster algorithms were in concordance with the observed pathogenicity in the case of mutations p.D175A, p.G269R, p.D322Y and p.E462V as described in Table 2 . The RMSD (Root Mean Square Deviation) values for the modeled mutants were significant for the pathogenicity of all missense mutations (Table 2 ).
Discussion
The clinical features of infantile Tay-Sachs disease seen in our set of patients were consistent with the defined phenotype, except for the presence of prominent Mongolian spots on the back even beyond infancy in two patients. However, Mongolian spots are also reported in association with many of the patients with other LSDs [1, 16] and in our case it could be an accidental finding. The enzyme activity was in accordance with the previous observations of infantile TSD cases [17, 18] . However, MUG substrate is cleaved by all three isozymes and therefore is used to measure total-Hex activity. MUGS substrate is cleaved primarily by the α-subunit containing isozymes (Hex-A and S). However, the β active site can slowly hydrolyze this substrate with MUG/MUGS ratios of 300:1 for Hex-B and 3.7:1 for Hex-A [19] . Thus each of the %-residual Hex-A values reported in Table 1 is multiplied by 3.7 and is varying from 0% to 3.1%, which is in accordance with the previously reported value.
Among 11 mutations demonstrated here, six have been previously reported in different populations that include missense mutations p.E462V and p.D322Y from the Indian population [1, 8] , p.R178C from Czechoslovakia [20] , c.1277_1278insTATC from Indian, Ashkenazi Jews and non-Jewish populations [8, 20] , nonsense mutation p.R510X from Saudi Arabia [21] and Iranian population [22] , and splice site mutation c.459+5GNA from Argentinean [23] and Spanish populations [24] . The nonsense mutation p.Q237X was previously reported as benign in accordance with the NCBI SNP database. However, a subunit lacking its last 293 C-terminal residues is highly likely to make the protein non-functional. In the present study this mutation was observed in both parents with the history of an affected child with TSD. Though, mutation study in the affected child could not be carried out due to sudden death and unavailability of a sample. The National Center for Biotechnology Information's (NCBI) single nucleotide polymorphism database (dbSNP) (http://www.ncbi. nlm.nih.gov/SNP/snp_ref.cgi?searchType=adhoc_search&type=rs&rs= rs150675340) reveals that the minor allele count and pathogenic potential of this polymorphism (rs150675340) are not available. Generally, nonsense and frame-shift mutations result in the reduction of mRNA in the HEXA gene. Diminished amounts of mRNA have been reported in several mutations in the HEXA gene [25] . The presence of one mutant and one normal copy of this allele in both the parents suggests that the child would have had the mutation in the homozygous state, thus being responsible for causing of the disease.
In the present study, novel mutations p.D175A and p.G269R were found as compound heterozygous in infantile TSD. The missense mutation p.D175A disrupts the β-sheet due to an amino acid change from a positively charged aspartic acid to a hydrophobic alanine residue at codon 175 of exon 5. At the same time, p.G269R mutation creates over-packing and backbone disruption due to the replacement of a small hydrophilic group (glycine) with a positively charged residue (Alanine) at codon 269 of exon-7 [ Fig. 2(a)-(b) ]. Therefore, disruption of the backbone from αGly269Arg may result in the movement of αHis262, with the likelihood of disrupting the coordination of residues in the active site. The RMSD of the modeled mutant is also significantly Table 1 Clinical, biochemical and molecular details of the Indian patients with Tay 
Normal total-hexosaminidase values using MUG substrate in our controls -723 to 2700 nmol/h/mg protein, normal hexosaminidase A levels -62 to 77%; and normal MUGS activity 80 to 410 nmol/h/mg. a DNA of index case is not available, HLC-heat labile activity in carrier parents.
b
The MUG/MUGS ratio for Hex A is 3.7:1 [19] .
higher as compared to the wild-type protein (Table 2) . Additionally, p.G269 is also the site of the mutation in late onset Tay-Sachs (LOTS) (p.G269S) with high frequency in the Ashkenazi Jews and results in an unstable alpha subunit precursor. This fails to associate with the beta subunit, suggesting that the mutation reported here, found in a patient with the infantile acute disease, has a more deleterious impact on the enzyme or its expression [15] . Protein sequence alignment demonstrated that p.D175A and p.G269R are highly conserved residues among different species. All these novel mutations were found to be pathogenic by SIFT, Polyphen2 and MutationT@aster softwares. Another novel mutation (1 bp deletion c.426delT) was observed in exon 4 in an infantile TSD patient that changes the reading frame at codon 142 and introduces a premature stop at codon 199 (p.F142LfsX57), leading to a truncated protein or a nonsensemediated mRNA decay (NMD). This mutation was also evaluated for pathogenicity using MutationT@ster and was found to be disease causing. Nonetheless, in a non-Jewish French child, a 2 bp deletion in the same codon (codon-142) is reported by Akli et al. [26] .
In one case, the novel intronic mutation c.459+4ANC was found with previously reported mutation p.R178C in a compound heterozygous state. This mutation is in close proximity to the reported splice mutation c.459+5GNA in Argentinean and Spanish populations [23, 24] . It was evaluated for pathogenicity using MutationT@ster and was found to be disease causing; and was predicted to lead to a loss of aberrant donor splice site at this position (score 0.87). The patient was not available for further functional study of the mutation. As per our knowledge, these novel mutations have never been identified in TSD patients from other ethnic groups.
A large number of gene mutations causing TSD have been previously reported in the HEXA mutation database (http://www.hexdb.mcgill.ca/). Among them, mutations resulting in gross alterations in the Hex α-subunit sequence are generally found in the severe infantile form. However, missense mutations causing amino acid substitutions have been found in both the infantile and late onset phenotypes [27] . The detrimental effect of most mutations is on the overall folding and/or transport of the protein rather than on the functional sites, as reported by Mahuran [28] . Some of the mutations identified in our series affect crucial active residues or cause significant structural aberrations leading to the infantile form of the disease.
Conclusion
Identification of four novel mutations provides additional insight into the molecular pathology of TSD in Indian subjects. Combining this with our previous study of 28 cases, mutations responsible for TSD in Indian patients are mostly novel with nearly 73% mutations clustering in between exons 5 to 12. This database can be used as a tool for the carrier screening of a larger Indian population.
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